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Abstract
We describe a novel displacement sensor for scanning probe
microscopies using an integrated optical micro ring resonator. This device
operates by means of monitoring the changes in the transmission spectrum
of a high finesse micro ring resonator. Finite element method
simulations were carried out to obtain the optimum sensor design and finite
difference time domain simulation was used to obtain the transfer
characteristics of micro ring resonators. Operation principles and sensitivity
calculations are discussed in detail. To achieve high sensitivity, we have
studied different types of ring resonator. The highest sensitivity is obtained
in a race-track resonator. This new design should provide sensitivities as
high as ∼10−4 Å−1.
1. Introduction
Many scanning probe microscopies require the measurement
of displacement with high sensitivity. A good example is
atomic force microscopy (AFM) [1], based upon the principle
of sensing the forces between a tip and a surface. These forces
induce the displacement of the tip mounted on a cantilever.
There is a great need to determine the displacement of the
cantilever with high sensitivity, to work out the attractive and
repulsive forces between the surface and the tip. There are
many methods to determine the tip displacement: tunnelling
[1], optical lever [2], interferometry [3], piezoresistive [4]
and piezoelectric detections [5] and interdigital detection [6]
techniques.
In this paper, we introduce integrated optical detection.
This method has many advantages over others. First,
an integrated sensor does not require any alignment while
scanning the surface and it is possible to scan large areas.
Secondly, integrated sensors are suitable for cantilever arrays
due to their compactness, simplicity and potential for mass
production. It should also be mentioned that integrated
sensors such as piezoresistive sensors [4] have less sensitivity
than external sensors such as optical levers [2]. Using an
integrated optical sensor, we expect to achieve a sensitivity
as high as that of external sensors. Integrated optical
devices can be inexpensive and they can be used in harsh
environments such as ultra-high vacuum (UHV) systems and
electromagnetically active environments. Recently there have
been several studies on integrated optic pressure sensors, bio-
sensors, temperature sensors and strain sensors. These sensors
consist of an integrated optical device, such as a Mach–
Zehnder interferometer [7], a directional coupler [8] and a
ring resonator [9], whose transmission characteristics change
due to external effects.
In this paper, we propose for the first time a new integrated
optical sensor for scanning probe microscopes. In this design,
an optical waveguide coupled to a high finesse micro ring
resonator integrated with a cantilever is used as a strain sensor
to deduce displacement. Basically, stress due to displacement
of the cantilever changes the local refractive index on the ring
resonator through the photo-elastic effect and index change
causes modifications in the transmission characteristics of
the optical waveguide coupled ring resonator. Monitoring
the intensity modulation through the optical waveguide, it is
possible to determine the cantilever displacement with high
accuracy. Finite element method (FEM) simulations were
carried out to obtain the optimum sensor design and finite
difference time domain (FDTD) simulations were used to
obtain the transmission characteristics of optical waveguide
coupled ring resonators. To achieve high sensitivity, we
have studied different types of ring resonator. The highest
sensitivity was obtained for race-track resonators.
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Figure 1. Sensor concept based on a ring resonator. The optical
power modulation takes place as the position of resonance dip shifts
due to the displacement of the cantilever.
Figure 2. Schematic diagram of the cantilever integrated with the
micro ring resonator. l, t and w represent the length, thickness and
width of the cantilever, respectively.
2. Physical considerations
In the method employed in this work [10], a micro ring
resonator integrated on a cantilever is used to measure
displacement. (A detailed analysis of micro ring resonators
is discussed in the next section.) The atomic forces make
the cantilever deflect from equilibrium and this deflection
produces stress on the cantilever surface. The index change
on the ring due to the stress causes a shift in the resonant
wavelength. Figure 1 shows the transmission spectrum
of an optical waveguide coupled to a ring resonator, and the
modulation concept. The stress reaches its maximum value at
the supporting point of the cantilever and it decreases linearly
along the cantilever. Maximum stress on the surface of the





where E is the Young’s modulus of the cantilever material,
t is the thickness, and l is the length of the cantilever (see
figure 2). Due to the photo-elastic effect, the effective index
(a) (b)
(c) (d)
Figure 3. A schematic illustration of the operational principle for
the integrated micro ring resonator displacement sensor: (a), (c) the
cantilever for unbent and bent conditions; (b), (d ) the field
distribution on the ring resonator on the cantilever.
changes due to the stress and through the equation




where Ci is the stress optic constant of waveguide and σi is
the local stress. For GaAs longitudinal and transverse stress
optic coefficients are 1.7 × 10−11 Pa−1 and 1 × 10−11 Pa−1,
respectively [11]. Longitudinal stress is much larger than the
transverse stress, which can be neglected, so that
nmax  Clσl  3ClEt
2l2
z. (3)
The change in refractive index can also be written as a function
of the force applied to the tip. From Hooke’s law, the force on
the rectangular cantilever can be expressed as




where k denotes the spring constant of the cantilever. Then the




From equations (4) and (5), the refractive index change
depends on the geometry of cantilever and the photo-elastic
constant of the material. As the stress-induced index change
is not uniform on the ring, the total accumulated round trip










where λ is the wavelength. In order to achieve large phase
shifts, the total length of the ring must be kept large and a
cantilever material with a large elasto-optic coefficient must
be chosen. Figure 3 shows a schematic illustration of the
operational principle for the integrated micro ring resonator
displacement sensor, extracted from a FDTD simulation.
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(a)
(b)
Figure 4. Schematic representation of single-bus (a) and double-bus
(b) ring resonators and the relevant propagating field amplitudes.
3. Analysis and design of micro ring resonators
Micro ring resonators are of great interest due to their
compactness, the fact that they do not need facets or
gratings for optical feedback, their stability with respect to
back reflections and high wavelength selectivity, which are
key features for various applications. They mainly find
applications in wavelength division multiplexing (WDM)
[12] and wavelength add-drop systems [13] for optical
communications. Ring resonators are not only good
candidates for WDM and add/drop filters but also well suited
for routing [14], switching and modulation applications [15].
3.1. Ring resonator analysis: single bus system
A ring resonator system may be composed of one or two bus
waveguides and a ring placed very close to them as shown in
figure 4. There are several figures of merit for a ring resonator.
These are the modulation depth which shows the depth of the
on/off ratio (in dB), free spectral range (FSR) which is the
wavelength spacing between adjacent resonances, full width
at half-maximum (FWHM) which is resonance peak width
at half-maximum power. The Q factor gives the ratio of
resonance wavelength to FWHM of the resonance. Depending
on the application, large or small values for FSR may be
desirable but small FWHMs, large modulation depths and large
Q factors are always preferred.
Consider the single bus coupled ring structure in
figure 4(a). The general matrix for outgoing waves in terms of







 0 (1 − k2)1/2 0 ik(1 − k2)1/2 0 ik 0
0 ik 0 (1 − k2)1/2









Here, |k|2 is the fraction of power coupled between waveguide
and ring, so that 1−|k|2 is the transmitted portion of the power
that is not coupled to the ring. In the case of no back reflections
and a1 being the input wave
a2 = a4 = b1 = b3 = 0. (8)
Then, solving the matrix for the remaining terms leads to
transmitted amplitudes as
b2 = (1 − k2)1/2a1 + ika3 (9)
and
b4 = (1 − k2)1/2a3 + ika1. (10)
Matching the travelling waves in the ring gives
a3 = b4 exp(−(αT + iφ)) (11)
and using this to eliminate a3 in the above equations results in
b2 = (1 − k
2)1/2 − exp(−(αT + iφ))
1 − (1 − k2)1/2 exp(−(αT + iφ))a1 (12)
where αT and φ are the optical loss and phase accumulated per
round trip in the ring, respectively. For a resonator of length
L (=2πR), optical loss coefficient α and effective refractive
index of ne





where λ is the free space wavelength. The resonance takes
place when φ = 2πm, and m is an integer number. Then, the
resonance field amplitudes become
b2 = (1 − k
2)1/2 − exp(−αT )
1 − (1 − k2)1/2 exp(−αT )a1 (15)
and
b4 = ik
1 − (1 − k2)1/2 exp(−αT )a1. (16)
An obvious result is that if
(1 − k2)1/2 = exp (−αT ) (17)
no power is reflected so that b2 = 0. This is the so-called
critical coupling condition and all the power is coupled to the
ring. It is necessary to take the square of the field b2 and
b4 to find the corresponding optical intensities in terms of
the input optical power. Therefore, the transmitted power at
376
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resonance is
It = |b2|2 =




3.2. Ring resonator analysis: double bus system
The above treatment can be easily extended to a ring structure
coupled to two buses as shown in figure 4(b). When there is a
second bus, there will be a second coupling region allowing for
the out coupling of trapped light in the ring. The expression
for reflected power is exactly the same as in the single bus
system apart from a change in the loss term to account for the
coupled power to the second bus. The new loss term is




+ αT . (19)
So, the new transmitted intensity is
It =




Here, |k1|2 is |k|2 and |k2|2 is the fraction of power coupled
between the second bus and the ring. In most cases |k1|2 =
|k2|2 = |k|2. Analysing the resonances and imposing that
no reflected power takes place, i.e. It = 0, gives the critical
coupling condition for the double bus system at resonance as(
1 − k21
)1/2 = (1 − k22)1/2 exp(−αT ). (21)
3.3. Waveguide design
We design and analyse ring resonators on a GaAs/AlGaAs
platform. The waveguides designed are deeply etched
to achieve strong confinement [17], which is essential to
minimize waveguide bending losses. The general waveguide
structure is seen in figure 5(a). The fraction of Al, x, and the
geometry of the waveguide are chosen so that single mode
propagation is ensured. The basic limitation to the resonator,
and therefore to the waveguide design, is the need to propagate
light in a small radius of curvature of less than 25 µm with
minimum loss, since a typical cantilever width is about 50 µm.
In principle, we need to find the complex angular propagation
constant, γ , for a bend of radius R, using
nbend = Re(γ )
k0R
(22)
to find the effective refractive index of the bend [18].
The condition for guiding light in a bending waveguide
is that nbend should be larger than substrate refractive
index, nsub. Determining nbend requires solving the
wave equation in cylindrical coordinates or employing full
numerical calculations of the propagation constant by the beam
propagation method (BPM) or the FDTD method, both of
which are tedious. As a first-order approximation, we use an
empirical equation [19] for the cut-off radius, Rco, in terms of
waveguide width, w, refractive indices of straight waveguide,
nstr, and substrate, nsub, which is
Rco = wnrib
2(nstr − nsub) . (23)
A few trials with different Al mole fraction, waveguide
width, w, and height, H, led us to a single mode waveguide
structure which can be fabricated using optical lithography.


















Figure 5. Single-mode waveguide structure (a), and its mode
distribution (b).
This structure has 0.6 as x, 1 and 0.75 µm as w and H
respectively. nstr is 3.192 for TE polarization which is found
by mode calculation using a commercial BPM program (see
figure 5(b)), nrib = nGaAs is 3.372 and nsubst = nAlGaAs is
3.000. This structure gives a value of Rco of 9 µm. We have
chosen this to be safe to use an R value of 20 µm for the ring.
3.4. Ring resonator as displacement sensor
For the purpose of sensing displacement, we are mainly
interested in modulation applications of ring resonators. It
should be possible to obtain a large modulation in transmitted
optical power by small variations of the refractive index. This
type of modulation is useful only if the resonance wavelength
shift remains in the bandwidth of the resonator. Such shifts
can only be achieved through a controllable change in optical
path length of resonators, which is a function of resonator
physical length and effective refractive index. Here, stress-
induced refractive index change is employed. When the ring
resonator is designed to have a high Q factor, the modulation
is dramatic due to steep fall of the transmission dip. A ring
resonator could have high Q factors when designed to work at
the critical coupling regime.
As the operational principle of the ring resonator coupled
waveguide sensor depends on the stress distribution along
the cantilever, we have calculated the three-dimensional (3D)
stress distribution using FEM simulations, for which we used
a Young’s modulus of 0.86 × 1011 N m−2 and a Poisson ratio
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Figure 6. Longitudinal stress distribution on the cantilevers with
ring (a) and race-track (b) shape resonators. Long straight arms in
the race-track resonators are useful for increasing the accumulated
phase shift.













Figure 7. Calculated stress distribution on the surface of the ring
resonator for 100 A tip displacement as a function of the angle
between the major symmetry axes of the cantilever.
of 0.31. Static stress analysis was performed using ANSYS
software. The mesh was increased in the region where the
ring resonator was placed. The analysis performed here uses
the stress at the surface. The local stress on the top surface
decreases along the z-direction and becomes negative on the
opposite surface. Figure 6(a) shows the stress contours on
the the ring resonator obtained from the FEM simulation.
Maximum stress occurs at the supporting point of the cantilever
and decreases linearly along the cantilever. In figure 7, we
plot the stress distribution along the circumference of the
ring. From figure 7, it is clearly observed that large stress
occurs on the two sides of the ring which are parallel with
the major symmetry axis of the cantilever. The calculated
total accumulated phase on the ring with a radius of 20 µm is
5 × 10−4 rad for 100 Å deflection of the cantilever. In order
to increase the accumulated phase shift, the parallel sides may
be kept longer. The optimum design is a race-track shaped
resonator, because of its two long parallel sides where stress
is much larger than the curved sides. Figure 6(b) shows the
stress contours on the race-track resonator. Stress distribution
reaches its maximum value on the surface of the waveguide
and decreases linearly along its thickness. For the sensitivity
calculations, we averaged stress along the thickness of the
waveguide. The average value of the stress is equal to the
stress in the middle of the waveguide where the intensity of
the guided light is maximum. As the stress distribution is
calculated with the waveguides on the surface of the cantilever,
stress also varies along the width of the waveguides in the
curved sections of the devices. We neglected the variation of
stress in the curved sections and used the value of the stress
in the middle of the waveguide in the calculations. The phase




where Lrt is the length of the race-track resonator. From
equation (24), it is observed that the phase shift is linearly
proportional to the cantilever deflection and it is related to
the cantilever geometry and mechanical properties of the
cantilever material. For higher sensitivity, the total length
of the ring and the elasto-optic coefficient of the material must
be large. The phase shift can also be written as a function of




where F is the applied force and w is the width of the cantilever.
In order to increase the phase shift due to the applied force
we have to keep the length long and the thickness of the
cantilever small, which results in a trade-off between force
and displacement sensitivity. It is not possible to achieve high
displacement sensitivity as well as high force sensitivity. We
can conclude that a short and thick cantilever is sensitive to
displacement measurements whereas a long and thin cantilever
is more sensitive for force detection. One interesting result
which is seen from equation (25) is that the phase shift does
not depend on the Young’s modulus of the cantilever. For
small displacements, output intensity is a linear function of
displacement.
4. Cantilever design
The fundamental mechanical parameters of an AFM cantilever
are its spring constant and resonant frequency. The optimal
values of these parameters depend on the mode of the
operations, namely contact mode, non-contact mode and
intermittent contact mode. GaAs has a large photo-elastic
constant which makes it a suitable material for fabrication
of integrated optical devices and cantilevers [20–22]. Other
materials such as Si3N4 and Si can also be used with varying
sensitivities. Our design is based on rectangular cantilevers
which are compatible with well-established micromechanical
fabrication technology. Typical micromachined cantilevers
for AFM have lengths of 100–400 µm, widths of 20–
50 µm and thicknesses of 0.4–10 µm. A large spring constant
is preferable for non-contact mode and intermittent mode
operations. On the other hand, low force constant is preferable
for contact mode operations. The resonant frequency is
required to be a few kHz in order to minimize the external
effects [23].
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Figure 8. Transmission spectrum of single-bus and double-bus
race-track resonators, both with (SBcr and DBcr) and without
(SB and DB) the critical coupling condition, respectively. The
increase in the slope of the resonance when critical coupling is
achieved is clearly observed.
5. Sensitivity analysis
The sensitivity of displacement sensors is the essential
property of the atomic force microscopies. The minimum
detectable force and the displacement depend on the sensitivity
of the sensor and the noise of the system. Integrated sensors
have less sensitivity than external ones. There have been
several studies to increase the sensitivity of the integrated
sensor, but the best sensitivity achieved so far is ∼10−6 A−1
[20], which is two orders of magnitude less than the sensitivity
of the interferometric detection [3]. Force sensitivity can be
defined as the variation of the current on the detector per unit
force applied to the tip. And with the same logic, displacement
sensitivity can be defined as the variation of the current on the
detector per unit displacement of the cantilever. The current




where η is the quantum efficiency of the photodetector, I0 is







The detected power, It , depends on the transmission
characteristics of the ring resonator coupled waveguide.
Transmissions of the single and double bus ring resonators
are given in equations (18) and (20), respectively. In figure 8,
we plot the transmission spectrum for single bus and double
bus resonators with and without the critical coupling condition.
Achieving the critical coupling condition, it is possible to have
very high modulation depth and very narrow spectral response.
Output intensity variation with cantilever displacement is







































Figure 9. Transmitted intensity variation with cantilever
displacement for single-bus and double-bus race-track resonators
with (SBcr, DBcr) and without (SB, DB) the critical coupling
condition achieved. The best results are obtained under critical
coupling condition.
Table 1. Calculated displacement sensitivities for single and double
bus ring resonator with (SBcr, DBcr ) and without (SB, DB) critical
coupling condition achieved.
Device SB SBcr DB DBcr
Sensitivity
(Å−1) 3.37 × 10−5 3.39 × 10−4 1.37 × 10−4 2.33 × 10−4
In table 1, we compare the calculated sensitivities of the
ring resonators for single bus and double bus configurations
with and without the critical coupling condition. The highest
sensitivities are achieved under critical coupling conditions.
The sensitivity of the ring resonator is wavelength-dependent.
Figure 10 shows the wavelength dependence of the race-
track ring resonator. The most sensitive operation can be
achieved at the wavelength for which the output intensity has
the steepest slope. The calculated sensitivities are promising
and it should be possible to achieve sensitivities as high as the
sensitivity of the interferometric detection. The sensitivity of
the detector depends mainly on the design of the resonator and
the waveguide. Considering the round trip losses, we design
the resonator to accomplish the critical coupling condition.
To achieve critical coupling, the gap between the straight
waveguide and the ring should be precisely controlled. In
our design we estimate propagation loss to be of the order of
10 dB cm−1 for waveguides. Under this condition, the gap size
for critical coupling should be lower than 0.1 µm, which can be
defined by e-beam but not by optical lithography. The solution
for optical lithographic fabrication would be to vertically
couple the ring resonator and the bus waveguide [24], for which
the coupling gap can be controlled precisely through standard
deposition or epitaxial growth techniques. However, even if
critical coupling is not achieved, the calculated sensitivities
are still very good, especially for the double bus structure. In
the double bus structure, the second bus can be placed next to
the ring but opposite to the first waveguide.
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Figure 10. Sensitivity versus wavelength for the single-bus
race-track resonator with critical coupling achieved.
6. Noise considerations
The resolution of a scanning force microscope is limited by
the noise of the system. The minimum detectable distance
(MDD) depends not only on the sensitivity but also on the
noise of the microscope. The noise level of the system
establishes the minimum detectable optical power on the
photodetector necessary to obtain the cantilever displacement.
For piezoresistive cantilevers, the fundamental noise is the
Johnson noise in the piezoresistor [25]. For optical lever [2]
and interdigital detection techniques, the fundamental noises
are the shot noise of the photodetector and thermal vibration
of the cantilever [6].
Displacement sensitivity is defined as the variation of the
normalized output intensity per unit displacement of the tip.




The input intensity (power), I0, depends on the light source
and typically is of the order of few mW. There are several
noise sources in a displacement measuring cantilever system
using integrated optical detection. The laser used to provide
the signal is a source of noise. Not only the output intensity
but also the phase and the frequency of a semiconductor laser
fluctuate in time. The cantilever displacement is measured
directly from the optical intensity changes in the transmission
spectrum of the ring resonator system, therefore magnitudes of
these fluctuations should be estimated. For a semiconductor
laser, the intensity fluctuation noise is given as the relative
intensity noise (RIN)




and DFB lasers with RIN of 160 dB Hz−1 are commercially
available. This noise exists for both ring and race-track
resonators used to detect cantilever displacement in this
work. The laser intensity variation can be eliminated by
introducing a reference photodetector and using differential
amplification, and the output intensity can be normalized. For
this design a tunable laser source is chosen which provides high
intensity and wavelength stability [27]. This laser provides
0.01 dB long-term intensity stability which translates into
power variation of 0.1%. Another important noise source
is the random wavelength variations. For ring and race-
track resonator displacement sensors, the wavelength variation
causes output intensity variation. In order to reduce this noise,
a laser which provides high wavelength stability can be used.
There are commercially available tunable lasers with 0.1 pm
wavelength stability which introduce intensity variation of
0.01% [27]. The intensity variation and wavelength variation
can be reduced by using suitable light sources and lock-in
amplification. On the other hand, laser pointing noise that
needs to be considered for external optical detection methods
is eliminated in this work. Since the laser is butt-coupled to
the waveguide, this eliminates pointing noise. An additional
noise source is due to the thermal vibration of the cantilever.
To analyse the thermal vibrational noise, the cantilever can
be modelled as a simple harmonic oscillator. At finite
temperatures, the cantilever vibrates due to thermal excitation.







where kb is the Boltzmann constant, T is the temperature, B
is the bandwidth, Q is the quality factor of the cantilever,
k is the spring constant and f0 is the resonance frequency
of the cantilever. To estimate the magnitude of the noise, a
rectangular cantilever with length of 200 µm, width of 50 µm
and thickness of 5 µm is chosen. The resonance frequency is
50 kHz, the spring constant is 16 N m−1 and the bandwidth
is about 1 kHz. The quality factor of the cantilever Q = 100
is chosen for this analysis. At room temperature, the thermal
vibrational noise is obtained as zthermal = 0.0017 Å which is
very small.
Finally, there are two fundamental noises for detection
electronics: shot noise and thermal noise. These noises are
fundamental noises and cannot be eliminated. Shot noise is a
fundamental noise that exists in all optical detection processes.
When the optical power is detected, photons fall randomly on
the photodetector and the time average of the received power
fluctuates due to this randomness. The rms current due to shot




where e is the electron charge and B is the bandwidth. The








SNR increases with the received power. For 100 µW optical
power the shot noise current is ishot = 6 × 10−10 A, SNR is
105 and shot noise limited MDD is 0.027 Å. Another noise
source for photodetectors is the thermal noise in the detection
electronics, also known as Johnson noise. Random thermal







where k is the Boltzmann constant, T is the temperature
and R is the resistance. A typical value of thermal noise
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is ithermal = 4 × 10−10 A. The total noise is the sum of all
the noise contributions. If the received power is high enough,
the dominant noise becomes the shot noise and determines the
noise level of the system. Generally, for all scanning force
microscopes which use optical detection the dominant noise
source is the shot noise. For 100 µW optical power, shot
noise limited MDD is 0.027 Å. The SNR can be increased by
increasing the optical power.
7. Conclusions
In this paper, we propose a novel integrated ring resonator
displacement sensor for scanning probe microscopies. We
design and analyse the feasibility of the integrated optical
sensor. We discuss the concept based on the elasto-
optic effect. We have described the design of the ring
resonator and presented a theoretical investigation of the
force and displacement sensitivity. The design of GaAs-
based cantilever with integrated ring and race-track resonators
has been described in detail. We find that the integrated
optical sensor is attractive because of its high sensitivity
and simplicity. We introduce a new application area for
integrated optics. This design is a good alternative for
piezoresistive cantilevers especially in electromagnetically
active environments. Integrated sensors are suitable for
cantilever arrays due to their compactness, simplicity and
compatibility with mass production. The main advantages
of this method are that it does not need any alignment, it is a
compact set-up and it has high sensitivity.
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